Background: Key factors modulating conversion of prion protein into prions remain unclear. Results: Neutralization of a cluster of lysines within residues 101-110 promoted formation of an N-terminally extended recombinant prion protein amyloid core. Conclusion: A central lysine cluster strongly modulates folding of prion protein amyloids. Significance: These findings highlight a key structural factor in the PrP Sc -like folding of prion protein.
The structure of the infectious form of prion protein, PrP Sc , remains unclear. Most pure recombinant prion protein (PrP) amyloids generated in vitro are not infectious and lack the extent of the protease-resistant core and solvent exclusion of infectious PrP Sc , especially within residues ϳ90 -160. Polyanionic cofactors can enhance infectivity and PrP Sc -like characteristics of such fibrils, but the mechanism of this enhancement is unknown. In considering structural models of PrP Sc multimers, we identified an obstacle to tight packing that might be overcome with polyanionic cofactors, namely, electrostatic repulsion between four closely spaced cationic lysines within a central lysine cluster of residues 101-110. For example, in our parallel in-register intermolecular ␤-sheet model of PrP Sc , not only would these lysines be clustered within the 101-110 region of the primary sequence, but they would have intermolecular spacings of only ϳ4.8 Å between stacked ␤-strands. We have now performed molecular dynamics simulations predicting that neutralization of the charges on these lysine residues would allow more stable parallel in-register packing in this region. We also show empirically that substitution of these clustered lysine residues with alanines or asparagines results in recombinant PrP amyloid fibrils with extended proteinase-K resistant ␤-sheet cores and infrared spectra that are more reminiscent of bona fide PrP Sc . These findings indicate that charge neutralization at the central lysine cluster is critical for the folding and tight packing of N-proximal residues within PrP amyloid fibrils. This charge neutralization may be a key aspect of the mechanism by which anionic cofactors promote PrP Sc formation.
The conversion of normal prion protein (PrP C ) 3 into its infectious oligomeric/multimeric isoform (PrP Sc ) is a pathogenic process that underlies all transmissible spongiform encephalopathies or prion diseases. However, the understanding of this process has been hindered to date by the lack of atomic resolution of the threedimensional structure of PrP Sc (1) . Thus, relatively coarse biochemical properties are used to characterize PrP Sc , such as its detergent insolubility, protease resistance, and secondary structure composition relative to PrP C (2) (3) (4) (5) . Typically, an N-terminal fragment can be removed from PrP Sc by treatment with proteinase K (PK), leaving a Ն19-kDa PK-resistant core of residues ϳ90 -231, without compromising infectivity (2, 6 -8) . PrP Sc also tends to form linear amyloid fibrils, especially when detached from membranes (9 -12) . Different conformations of PrP Sc are thought to give rise to biologically distinct prion strains that propagate through conformationally faithful seeded or templated polymerization mechanisms (13) (14) (15) (16) (17) .
Although PrP Sc isolated from prion-infected tissue is fully infectious, it is difficult to purify completely and label with sitespecific experimental probes. Thus, many researchers have studied PrP conversion and amyloid fibril formation in vitro using recombinant PrP (rPrP) (reviewed in Refs. 1 and 18). However, pure rPrP amyloids tend to be either noninfectious or orders of magnitude less infectious than brain-derived PrP Sc (19 -21) . A major difference between these rPrP amyloids and PrP Sc is the folding of the region (residues ϳ90 -145) that is proximal to the N terminus of the PrP Sc PK-resistant core (residues ϳ90 -231) (22) (23) (24) (25) (26) . In brain-derived PrP Sc , this region is tightly packed and protease-resistant (6, 7, 22, 23, 27) , whereas spontaneously generated noninfectious rPrP fibrils are typically more disordered, solvent-accessible, and protease-sensitive within residues ϳ90 -159 (22, 28) . However, more PrP Sc -like PK resistance in this region can be enabled by seeding with infectious prions (29, 30) or the addition of cofactors, which may also help to promote the formation of more infectious PrP Sc (21, 24, 25, 31) .
The mechanism for this effect of anionic cofactors is not clear, but one possibility would be to aid the tight packing of a highly conserved cluster of four lysine residues within amino acids 101-110 (hereafter the central lysine cluster (CLC)) (32) . In the absence of cofactors, the close proximity of the positively charged lysine side chains may cause electrostatic repulsion and instability around the CLC within the N-proximal region of the protease-resistant PrP core. In vivo, these cationic charges may be compensated by anionic cofactors, mitigating the electrostatic repulsion of the CLC and allowing residues in the vicinity to pack more tightly as they are in PrP Sc .
The potential challenges associated with tight packing of the CLC are particularly exemplified in our recently proposed parallel in-register intermolecular ␤-sheet (PIRIBS) structure for PrP Sc amyloids (32) . Within this architecture, the four CLC lysines were not only closely spaced in the primary sequence of the PrP Sc subunits, but also only ϳ4.8 Å from corresponding lysines in adjacent ␤-strands. Without charge compensation, electrostatic repulsion might prevent tight packing and destabilize the N-proximal region of the PrP amyloid core (residues 90-ϳ145). Indeed, molecular dynamics simulations of PrP octamers assembled in a PIRIBS architecture indicated that although the more C-proximal residues ϳ160 -231 remain relatively stable as the amyloid core of the fibrillar segment, the more N-proximal residues display a greater tendency to be disordered (32) . Here we show both in silico and in vitro evidence that neutralization of the cationic CLC side chains allows for the formation of PrP amyloid fibrils with extended, more PrP Sc -like PKresistant amyloid cores and ␤-sheet secondary structures.
EXPERIMENTAL PROCEDURES
Molecular Dynamics Simulations-Molecular dynamics simulations were performed as previously described (32) . A model of a PrP Sc fibril comprised of eight monomers of mouse residues 90 -231 was constructed using SYBYL v.7.3. Energy minimization was performed using the NAMD program v.2.9 on the Biowulf Linux cluster. After minimization, the positive charges of the lysine side chains within the CLC were neutralized in silico for the "uncharged" model. Molecular dynamics were run on both the charged and uncharged models at a temperature of 310 K for 106 ns using the Biowulf Linux cluster at the National Institutes of Health (Bethesda, MD). Models were analyzed and images were created using VMD and UCSF Chimera.
Mutagenesis-An Agilent Technologies QuikChange kit was used as per the manufacturer's instructions to mutate Lys 101 , Lys 104 , Lys 106 , and Lys 110 collectively to alanine or asparagine residues based on the DNA sequence encoding residues 23-231 of the Syrian hamster PrP sequence (accession no. K02234). K 4 N mutants were made in one QuikChange reaction and K 4 A mutants with two sequential QuikChange reactions with the following primers: K 4 N forward, 5Ј-cacaatcagtggaacaaccccagtaagccaaaaaccaacatgaaccacatggccggc-3Ј; K 4 N reverse, 5Ј-gccggccatgtggttcatgttggtttttggcttactggggttgttccactgattgtg-3Ј; K 4 A step 1 forward, 5Ј-gcttcatgttggtttttggcgcactgggcgcgttccactgatt-gtgggtgc-3Ј; K 4 A step 1 reverse, 5Ј-gcacccacaatcagtggaacgcgcccagtgcgccaaaaaccaacatgaagc-3Ј; K 4 A step 2 forward, 5Ј-ccggccatgtgcgccatgttggttgctggcgcactgggcg-3Ј; and K 4 A step 2 reverse, 5Ј-cgcccagtgcgccagcaaccaacatggcgcacatggccgg-3Ј.
Protein Expression and Purification-Recombinant hamster PrP C and K 4 mutants were purified as previously described (33) . Briefly, Rosetta (DE3) Escherichia coli containing the vector with the PrP sequence (Syrian hamster residues 23-231; accession no. M13899 or the PrP sequence including the lysine mutations described above) were grown in Luria broth medium in the presence of kanamycin and chloramphenicol. Protein expression was induced using the autoinduction system (34, 35) and purified using nickel-nitrilotriacetic acid superflow resin (Qiagen) with an ÄKTA pure chromatography system (GE Healthcare Life Sciences). The purified protein was extensively dialyzed into 10 mM sodium phosphate buffer (pH 5.8) and stored at Ϫ80°C. Protein concentration was determined by measuring absorbance at 280 nm.
Real Time Quaking-induced Conversion (RT-QuIC)-RT-QuIC was carried out as previously described (33) . Briefly, WT, K 4 A, or K 4 N rPrP C was used as substrate at a concentration of 0.1 mg/ml in RT-QuIC buffer (10 mM phosphate buffer, pH 7.4, 300 mM NaCl, 10 M thioflavin T (ThT), 10 M EDTA tetrasodium salt). Samples were loaded into a black 96-well plate with a clear bottom (Nunc). The reactions were treated with a 10 Ϫ6 dilution of 10% (w/v) hamster normal brain homogenate or 263K scrapie-infected brain homogenate. Reactions that were treated with NBH and became ThT-positive over time are referred to as spontaneous RT-QuIC reactions. To explore seeding activity of the fibrils formed under different conditions, RT-QuIC reactions using WT rPrP C as the substrate were seeded using 10 Ϫ2 dilutions of the fibrils. All reactions contained a final SDS concentration of 0.002% SDS. The plates were sealed with a film (Nalgene Nunc International sealer) and incubated in BMG Fluostar plate readers at 42°C with cycles of 1 min of shaking at 700 rpm (double orbital) and 1 min of rest. ThT fluorescence was measured (450 Ϯ 10 nm excitation and 480 Ϯ 10 nm emission; bottom read) every 45 min.
Spontaneous Fibril Formation-Recombinant PrP C stored in sodium phosphate buffer (pH 5.8) was concentrated in 10-kDa spin filters, and the buffer was exchanged with 10 volumes of the following buffers: chaotropic conditions with 1 M guanidine HCl, 3 M urea, 150 mM NaCl in PBS, pH 7.4 (36); and acidic conditions with 20 mM sodium acetate, pH 4.5. The protein was concentrated in the indicated buffer to 0.5-1 mg/ml and incubated at 37°C with orbital shaking at 600 RPM to initiate fibrillization. Fibril formation was confirmed with ThT fluorescence.
Biochemical Analyses-Reactions containing 0.1 mg/ml rPrP were treated at neutral pH with 10 -15 g/ml PK at 37°C for 1 h. Protein samples were analyzed using Western blot techniques as previously described (37) . Equal volumes of PK-treated reactions were run on 10% Bis-Tris NuPAGE gels (Invitrogen). Proteins were transferred to an Immobilon P membrane (Millipore) using the iBlot Gel Transfer System (Invitrogen). Immunoblotting was carried out using either the ␣-PrP rabbit polyclonal antibody R20 (1:15,000 dilution, epitope: residues 218 -231) or the ␣-PrP rabbit polyclonal antibody R30 (1:10,000 dilution, epitope: residues 90 -104) as described (38, 39) .
Transmission Electron Microscopy-For negative stains of amyloid fibrils, Formvar and carbon-coated grids (Ted Pella, Inc., Redding, CA) were subjected to glow discharge, quickly placed onto 10 -20-l droplets of fibril suspensions, and incubated for 60 min at room temperature. The grids were transferred sequentially for 5 min each onto three droplets of deionized water. The grids were then stained negatively with methylamine tungstate (Nanoprobes, Inc., Yaphank, NY) for 15 s, wicked of excess fluid, and air-dried. Negatively stained grids were examined at 80 kV on a model H-7500 transmission electron microscope (Hitachi High Technologies, Dallas, TX) equipped with a model HR-100 digital camera system (Advanced Microscopy Techniques, Woburn, MA).
Fourier Transform Infrared (FTIR) Spectroscopy-FTIR analysis was performed as previously described (33) . Briefly, RT-QuIC reactions containing 100 g of rPrP were treated with 15 g/ml PK for 1 h at 37°C to remove any unconverted substrate. PK digestion was stopped using 1 mM Pefabloc SC (Sigma-Aldrich), and samples were pelleted by centrifugation at 20,800 ϫ g at 4°C for 20 min. The supernatant was removed, and the pellet was resuspended with ultrapure water and centrifuged two times. The pellet was resuspended in nanopure water to a 50% (w/v) slurry. The slurry was dried to a film under a stream of nitrogen on the diamond of a PerkinElmer Spectrum 100 FT-IR spectrometer equipped with a diamond attenuated total reflectance sample unit and an MCT detector. The spectra were background-subtracted and comprised of 32 accumulations (4 cm Ϫ1 resolution; 1 cm/s OPD velocity; strong apodization). Second derivative spectra were calculated with nine data points using Spectrum software (PerkinElmer Life Sciences).
RESULTS

Molecular Dynamics Simulations of the Effects of Lysine Cluster
Charge Neutralization-We initially tested our hypothesis that electrostatic repulsion between clustered lysines within (32) , molecular dynamic simulations were performed on either the wild-type octamer with positively charged CLC side chains (Charged) or an octamer in which the CLC side chain charges were neutralized in silico (Uncharged). CLC lysine residues 101, 104, 106, and 110 are depicted in blue, ␤-strands are in green, and the cysteines forming the native disulfide bond are in yellow. In the energy-minimized octamer of wild-type PrP, the CLC lysine residues were stacked in close intermolecular proximity (Energy minimized). After 106-ns molecular dynamic simulations, the N-proximal region containing the CLC was more disordered in the wild-type (Charged) octamer than in CLC-neutralized (Uncharged) octamer.
intermolecular ␤-sheets can contribute to the instability of the N-proximal region of the PrP Sc fibrillar core in silico using a PIRIBS model as an example (32) . Starting with an energy-minimized PIRIBS model of an octameric segment of a fibril composed of mouse PrP residues 90 -231 ( Fig. 1 , Energy minimized) (32), we performed molecular dynamics simulations before ( Fig. 1 , Charged) or after ( Fig. 1, Uncharged) artificially neutralizing the positive charges of the 4 lysines within residues 101-110. The simulations were extended for 106 ns to allow for side chain movements and secondary structure changes. As we reported previously, the wild-type model maintained a stable PIRIBS-rich core (residues ϳ160 -230) but had a higher degree of disorder in the more N-proximal residues, especially around the CLC (Fig. 1, Charged) . However, with neutralization of the CLC side chain charges, the N-proximal half of the octamer subunits had less disorder and tighter packing within the fibril as compared with wild-type ( Fig. 1, Uncharged) . These results provided evidence that charge neutralization of the CLC can promote stabilization of N-proximal residues of PrP 90 -231 monomers within a PIRIBS-based fibrillar model, at least in silico. This raises the possibility that charge compensation of the CLC may also be necessary to support the stable packing of the PK-resistant core of bona fide PrP Sc .
Charge Neutralization of the Central Lysine Cluster in Recombinant PrP-To biochemically evaluate the effects of the CLC in recombinant PrP fibril formation, we made rPrP mutants in which Lys 101 , Lys 104 , Lys 106 , and Lys 110 of WT hamster rPrP 23-231 were together changed to alanine (K 4 A) or asparagine (K 4 N) residues. These mutations replaced the cationic lysine side chains with hydrophobic or neutral polar side chains, respectively. We predicted that the K 4 N mutant might also allow for the formation of hydrogen bonding between asparagine side chains if, for example, they were stacked in-register in a PIRIBS model as shown in Fig. 1 . Such "zippers," as described by Eisenberg and Jucker (40) , might help to further stabilize the region containing these residues within PrP fibrils as has been observed with various peptide amyloids. We investigated the effects of these mutations on both spontaneous and prionseeded fibril formation as follows.
Spontaneous Fibrillization of Central Lysine Cluster Mutants-We looked initially at the effects of these mutations on sponta-FIGURE 2. Charge neutralization of the CLC promotes formation of an extended 17-kDa PK-resistant amyloid core. A, WT, K 4 A, and K 4 N rPrP 23-231 were incubated under acidic conditions (20 mM sodium acetate, pH 4.5) and then either treated with PK or left untreated prior to Western blot analysis. R20 antiserum to C-terminal residues 218 -231 showed 10-, 12-, and 17-kDa PK-resistant core fragments from the K 4 A and K 4 N fibrils, whereas no PK-resistant fragments were detectable with WT rPrP. R30 antiserum (residues 90 -104) recognized the 17-kDa PK-resistant fragment only with the K 4 mutants. B, the WT, K 4 A, and K 4 N rPrP molecules all generated 10-and 12-kDa PK-resistant core fragments under chaotropic conditions (1 M guanidine HCl, 3 M urea, 150 mM NaCl in PBS, pH 7.4), but none gave extended 17-kDa fragments. Representative blots are shown of three independent fibril preparations. neous fibril formation (see "Experimental Procedures") as a model for sporadic prion diseases. Previous reports have demonstrated that rPrP lacking the N-terminal amino acids 1-89 can spontaneously form fibrils under acidic buffer conditions, even in the absence of chaotropes (41) . However, full-length rPrP was reported to be unable to fibrillize under these conditions (42) . To investigate whether charge neutralization of the CLC enabled the spontaneous fibrillization of full-length rPrP under the acidic conditions (20 mM sodium acetate, pH 4.5), we compared fibril formation by the WT, K 4 N, and K 4 A rPrP molecules. As anticipated, full-length WT rPrP was unable to form fibrils, even after several months ( Fig. 2A) . In contrast, the K 4 A and K 4 N mutants formed fibrils after several weeks. Biochemical analyses showed that in addition to the 10-and 12-kDa PK-resistant species, the K 4 N and K 4 A fibrils had an additional ϳ17-kDa species, indicative of an extended PK-resistant core ( Fig. 2A) . This PK-resistant core extended further toward the N terminus, including at least part of the epitope recognized by an antibody directed at residues 90 -104 (R30) ( Fig. 2A) , as is the case for core fragments from PrP Sc (39) . A similar species with an extended PK-resistant core has been reported for spontaneous rPrP fibrils that were annealed in vitro in brain homogenates (43) , which presumably contained cofactors that may act to neutralize the CLC, as we have done artificially in our K 4 N and K 4 A mutants, assisting in refolding.
In addition to having N-terminally extended PK-resistant amyloid cores, our K 4 N and K 4 A fibrils had FTIR spectra indicative of high ␤-sheet content, with prominent 1625-and 1634cm Ϫ1 bands and a minor 1620-cm Ϫ1 band (Fig. 3) . The former two bands presumably reflect folding associated with the extended PK-resistant core because the 1634-cm Ϫ1 band is minimal or absent in rPrP fibrils lacking a 17-kDa PK-resistant core (Fig. 3, compare acidic to chaotropic) . The fibrils formed by K 4 A and K 4 N appeared to be highly organized and linear, without any obvious twisting and little bundling (Fig. 4, B and  C) . Collectively, these results indicated that under acidic conditions and without any neutralization of the lysine side chains, the CLC strongly impeded amyloid fibril formation by WT rPrP.
Spontaneous WT rPrP fibril formation has also been reported under chaotropic conditions (1 M guanidine HCl, 3 M urea, 150 mM NaCl in PBS, pH 7.4) (36) . Under these conditions, the PK-resistant amyloid cores were comprised mainly of 10-and 12-kDa C-proximal fragments. We tested whether the CLC mutations affected the extent of the PK-resistant core in the presence of chaotropes near neutral pH. WT, K 4 A, and K 4 N rPrP each formed ThT-positive amyloid fibrils in the chao- tropic buffer. Judging from the ThT fluorescence, fibril formation occurred within 24 -48 h, i.e. much faster than under acidic conditions tested above (data not shown). In contrast to our findings under the latter conditions, the K 4 A and K 4 N mutations did not extend the PK-resistant amyloid core of the fibrils formed under chaotropic conditions. Instead, like WT fibrils, the mutants had PK-resistant cores comprised mainly of 10-and 12-kDa C-proximal fragments (Fig. 2B ). FTIR again showed predominant ␤-sheet content for WT, K 4 A, and K 4 N, but each had similar major bands at ϳ1610 and 1622 cm Ϫ1 that were strikingly distinct from those of fibrils generated under the acidic conditions (Fig. 3) . The ultrastructures of the chaotrope-induced WT, K 4 A, and K 4 N fibrils were similar to one another, with repeating twists and significant lateral bundling, but distinct from the less bundled acid-induced K 4 A and K 4 N fibrils (Fig. 4) . These results demonstrated that in the presence of chaotropes the CLC does not appear to modulate or be involved in formation of the PK-resistant fibrillar core.
We then investigated the ability of the spontaneously formed fibrils generated under either chaotropic or acidic conditions to seed new amyloid formation by WT rPrP. The WT, K 4 A, and K 4 N fibrils formed under chaotropic conditions each seeded new fibril formation of WT rPrP under the neutral, nonchaotropic conditions of the RT-QuIC assay (10 mM phosphate buffer, pH 7.4, 300 mM NaCl, 10 M ThT, 10 M EDTA) (33) (Fig. 5 ). K 4 A and K 4 N fibrils formed under acidic conditions also seeded new WT PrP fibril formation with similar kinetics. Thus, under mild, neutral conditions, efficient seeding of ThTreactive WT rPrP amyloid fibrils was observed even by the chaotrope-induced fibrils with the 10 -12-kDa C-proximal PKresistant core, providing evidence that the N-proximal extension of the PK-resistant amyloid core is not required for seeding amyloid formation.
Prion-seeded Fibrillization of Central Lysine Cluster Mutants-Infectious prion seeds or templates are known to accelerate fibril formation from rPrP C and promote an N-terminal extension of the solvent-excluded, PK-resistant fibrillar core (22, 29, 30) . To test the effects of the CLC on prion-seeded fibril formation, scrapie prion (263K)-infected brain homogenate was used to seed the formation of WT, K 4 A, and K 4 N rPrP fibrils under the RT-QuIC conditions (Fig. 6A) . The prion-seeded WT rPrP fibrils generated C-terminal PK-resistant cores of ϳ10 and 12 kDa (Fig. 6B ), similar to that of WT fibrils formed spontaneously in reactions treated with NBH ( Fig. 8B ). However, prion seeding markedly accelerated WT fibril formation (Figs. 6A versus 8A). Prion-seeded K 4 A and K 4 N PrP fibrils additionally generated a ϳ17-kDa species, composed of residues spanning between the epitopes of the two antisera that detect it, i.e. residues 90 -104 and 218 -231, indicating an expanded PK-resistant core (Fig. 6B ). These data again indicated the importance of charge neutralization of the CLC for more stable folding of Figs. 2 (A and B) and 6B. Similar results were obtained in three independent experiments. FIGURE 6. Prion-templated amyloid formation under neutral, nonchaotropic RT-QuIC conditions. A, 263K scrapie-infected brain homogenate was used to seed fibril formation by WT, K 4 A, and K 4 N rPrP 23-231 substrates in RT-QuIC reactions. The data points represent average percentages of maximum ThT fluorescence from four replicate wells as a function of reaction time. Similar results were obtained in at least six independent experiments. B, Western blot analysis of scrapie-seeded, PK-treated RT-QuIC products using antisera to residues 90 -104 or 218 -231 (R30 and R20, respectively). Extended 17-kDa PKresistant core fragments reactive with both antisera were always more prominent in the K 4 A and K 4 N fibrils than in the WT fibrils in at least six experiments.
the region of PrP residues ϳ90 -160 within amyloid fibrils under the influence of an infectious PrP Sc template.
FTIR spectroscopy indicated that prion-seeded WT, K 4 A, and K 4 N fibrils each absorbed strongly in the ␤-sheet region (Fig. 7) . The prion-seeded WT PrP fibrils lacked a strong ϳ1634-cm Ϫ1 probable ␤-sheet band that is a feature of the 263K scrapie PrP Sc seed itself (Fig. 7, inset) (3, 13) . However, the K 4 A and K 4 N fibrils showed a more pronounced band at ϳ1634 cm Ϫ1 , i.e. close to the ϳ1636 cm Ϫ1 band of 263K PrP Sc (Fig. 7) . This, in combination with the PK resistance analyses, provided evidence that in neutral pH and 300 mM NaCl, removal of the charged lysines from the CLC promotes the formation of fibrils with expanded PK-resistant cores and ␤-sheet structures that are more consistent with those of PrP Sc .
In contrast to the acidic conditions, in the neutral, nonchaotropic conditions of RT-QuIC reactions, WT rPrP fibrils were able to form without prion seeding, albeit after lag phases that were much longer than those of seeded reactions (Fig. 8A versus  Fig. 6A ). These spontaneously arising fibrils had similar PK-resistant cores to the prion-seeded WT rPrP fibrils, giving predominant ϳ12-kDa bands that reacted with the C-terminal antiserum on Western blots (Fig. 8 ). However, FTIR spectra of spontaneously formed WT fibrils had a diminished ϳ1634cm Ϫ1 band and a stronger ϳ1620-cm Ϫ1 ␤-sheet band, relative to its 1625-cm Ϫ1 band, than its prion-seeded counterpart (Fig.  9 ). K 4 N and K 4 A fibrils also formed spontaneously under RT-QuIC conditions and at a faster rate than nontemplated WT rPrP fibrils (Fig. 8) . Their biochemical characteristics were similar to their prion-seeded counterparts, including the 17-kDa PK-resistant core (Fig. 8 ). However, spontaneously formed K 4 N and K 4 A fibrils, similar to WT rPrP, had a diminished ϳ1634cm Ϫ1 band and an increased 1620-cm Ϫ1 band, relative to their 1625-cm Ϫ1 bands, when compared with the prion-templated K 4 N and K 4 A fibrils ( Fig. 9 ), suggesting that at least some of the tighter N-proximal folding in the prion-seeded K 4 N and K 4 A fibrils was promoted by prion templating.
DISCUSSION
The structure of infectious PrP Sc fibrils and the manner in which PrP monomers are assembled to give a PK-resistant and solvent-inaccessible amyloid core of residues ϳ90 -231 remain unclear. However, our present data provide evidence that the CLC is a feature of the PrP sequence that, without charge compensation, inhibits ordered packing within the N-proximal region. We have rationalized this effect using our recently hypothesized PIRIBS model of PrP Sc structure as described above. However, any alternative structural model of PrP Sc must also explain the empirically observed tight packing of the N-proximal region and its cluster of four cationic lysines within residues 101-110. Such models should also provide explanations for the profound effects of anionic cofactors on the formation of infectious and/or more PK-resistant PrP particles in vitro, whether with crude brain homogenates in PMCA reactions (44) or in biochemically defined reactions containing purified PrP C (26, 45) or rPrP C (24, 31, 46) . Building on our previous proposals of the role of endogenous polyanions in PrP Sc formation (45) , we propose here that anionic cofactors may ion pair with the cationic CLC residues to promote packing of PrP monomers in the N-proximal region of the PK-resistant core. Indeed, several sulfated glycosaminoglycans have been shown to promote PrP conversion (26, 45) . Paradoxically, inhibitory effects of glycosaminoglycans and other polyanions have also been reported (47) (48) (49) (50) . However, because sulfated glycans are known to interact with PrP C (48, 51) as well as PrP Sc , it is possible to envision both stimulatory and inhibitory activities of such molecules depending upon experimental context (45) . Furthermore, it appears that charge neutralization in the CLC is not all that is required for the formation of fully infectious PrP Sc in vitro because inoculation of K 4 N fibrils into hamsters have so far failed to cause clinical scrapie (data not shown).
The more N-proximal region of the PK-resistant core of PrP Sc that contains the CLC has been implicated in the conversion of PrP C to PrP Sc . Previous studies have shown that progressive N-terminal deletions up to residue 113 (eliminating the region containing the CLC) have increasingly inhibitory effects on PrP Sc formation in cell-free conversion reactions, whereas further deletion to residue 124 had no additional inhibitory FIGURE 7 . FTIR analysis of prion-templated amyloid formed with WT, K 4 A and K 4 N rPrP 23-231 substrates under neutral, nonchaotropic RT-QuIC conditions. Although all of the fibrils had spectra with prominent ␤-sheet content indicated by the strong negative bands within 1620 -1634 cm Ϫ1 , the K 4 A and K 4 N spectra were more similar to the 263K PrP Sc spectrum (inset) in having a more prominent 1634 cm Ϫ1 band relative to the 1625 cm Ϫ1 band that is common to all of the fibril types. Spectra from duplicate RT-QuIC reactions are displayed as representatives from more than six experiments. effects (52) . These findings indicated that the region containing the CLC influences PrP Sc formation. Consistent with this conclusion, PrP molecules with K 4 A CLC mutations like we have studied above were unable to convert to PrP Sc when expressed in prion-infected neuroblastoma cells (53) . However, a lack of conversion to PrP Sc in this cellular setting, which might appear to run counter to our findings that the K 4 A mutant is more apt to form PrP Sc -like fibrils in isolation, may alternatively be due to altered trafficking or subcellular localization of the K 4 A mutant and not a fundamental inability of K 4 A to form PrP Sc . Nevertheless, these indications of the importance of the CLC region in PrP Sc formation are consistent with the possibility that the CLC is critical for the binding of polyanionic cofactors as has been suggested previously (54, 55) .
As noted above, experimental conditions that allow WT rPrP C to refold into fibrils with somewhat PrP Sc -like extended PK-resistant cores in the absence of cofactors have been described. These conditions include acidic pH in the presence of chaotropes (36) , heating in the presence of detergents such as Triton X-100 (43) , and prion-templated reactions in the presence of SDS (29, 30) . With the latter conditions at least, generation of larger Ն17-kDa PK-resistant fragments is also enhanced by the presence of detergents such as Sarkosyl during the PK digestion (22) . However, to the best of our knowledge only the lysine mutations in the CLC that we describe here have allowed in vitro formation of fibrils with an N-terminally extended amyloid core under physiologically compatible conditions in the absence of cofactors, high temperature annealing, or high concentrations of detergents.
In all of the conditions described here, rPrP fibril formation minimally generates amyloid with a stable C-proximal PK-resistant core. Under both the acidic and chaotropic conditions, rPrP amyloid formed with WT or K 4 mutants included a 10 -12-kDa C-proximal core. Charge neutralization of the CLC allowed further N-terminal extension of this C-proximal amy- ) , PK-treated RT-QuIC products using antisera to residues 90 -104 or 218 -231 (R30 and R20, respectively). Extended 17-kDa PK-resistant core fragments reactive with both antisera were always more prominent in the K 4 A and K 4 N fibrils than in the WT fibrils in at least six experiments. FIGURE 9. FTIR spectra of scrapie-seeded versus unseeded WT (top) and K 4 N (bottom) rPrP amyloids formed in RT-QuIC conditions. Unseeded (NBH treated) WT and K 4 A rPrP amyloid fibrils (black) formed under RT-QuIC conditions and treated with PK had a diminished ϳ1634 -cm Ϫ1 band and an increased 1620-cm Ϫ1 band, relative to their 1625-cm Ϫ1 band, when compared with fibrils templated with prion seeds (red). Comparisons of prionseeded versus unseeded K 4 N rPrP amyloids showed effects of scrapie seeding on these FTIR bands that were similar to those shown here for the K 4 A fibrils (data not shown). Similar relative effects of scrapie seeding on the FTIR spectra of WT and K 4 A rPrP amyloids were seen in at least six experiments. The spectra of the prion-seeded reaction products are the same as those in Fig. 7 and are reproduced here for comparison. loid core to 17-kDa under both acidic conditions and neutral RT-QuIC conditions, but not under chaotropic conditions. Previous reports have indicated that fibrils formed from truncated WT rPrP (residues 90 -231) under chaotropic or acidic buffer conditions produce similar ␤-sheet cores comprising residues ϳ160 -220 (56) , indicating that the molecular architecture of the C-proximal core can be formed under divergent conditions. Conversely, as noted above, N-terminal extension of the amyloid core to include the CLC is highly influenced by pH, chaotropes, detergents, high temperature annealing, other cofactors, and/or charge neutralization of the CLC. However, fibrils formed under all of the conditions that we tested had the ϳ12-kDa C-proximal PK-resistant core and were able to seed the propagation of further amyloid in the RT-QuIC with similar kinetics. Thus, although the C-proximal amyloid core is sufficient for seeding activity in in vitro fibrillization reactions, infectious prions are associated with major N-terminal extensions of the PK-resistant core. This suggests that infectivity, and possibly strain specificity, are dictated in part by the structure of the more N-proximal regions of the PrP Sc PK-resistant core.
Although prion-templated amyloid formation by WT rPrP produced more PrP Sc -like FTIR spectra than WT amyloid formed spontaneously ( Fig. 9 ), charge neutralization of the CLC produced spectra with even more apparent PrP Sc -like attributes. Thus, mitigating charge within the CLC appeared to allow the amyloid to adopt a more 263K PrP Sc -like conformation. However, the differences that remain between the templated K 4 mutants and brain-derived PrP Sc suggest that other factors are also needed for bona fide PrP Sc -like folding. Miller et al. (57) have shown in vitro that sequential addition of select cofactor molecules, including RNA and phospholipids, can induce distinct structural conformers of rPrP. Although such anionic cofactors could compensate the CLC charge and may assist the structural conversion of other parts of PrP molecules, charge neutralization of the CLC alone is not sufficient to fully recapitulate infectious PrP Sc structure.
Altogether, our results indicate the critical involvement of the CLC region in modulating the formation, as well as the biochemical and structural aspects of PrP amyloids. The necessity of charge neutralization of the CLC is consistent with the tight packing of the N-proximal region in PrP Sc fibrils, whether within the PIRIBS architecture (32) or other potential models for PrP Sc structure.
